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to its association with SLX4/MUS312 
as a factor that works in concert with a 
SLX1 endonuclease. Additional issues 
for future studies are the precise role 
of SLX4 phosphorylation by the DNA 
damage checkpoint kinases and how 
this might affect its association with 
the different endonucleases, how 
SLX4 recognizes and binds different 
DNA structures, and the stoichiometry 
of SLX4 and its associated nucleases. 
The latter issue is particularly impor-
tant at HJs where two symmetric cuts 
are needed for proper resolution. For 
example, how many endonucleases 
can a single SLX4 molecule bind simul-
taneously through its different motifs 
to affect regulated cutting of damaged 
DNA substrates? And how does SLX4 
toggle between promoting two cuts 
on one DNA strand, such as might be 
needed for interstrand crosslink repair, 
and one cut each on paired DNA 
strands for HJ resolution?
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The properties of centromeric nucleosomes have been the subject of considerable debate and 
controversy. Furuyama and Henikoff (2009) now provide surprising evidence that centromeric 
nucleosomes wrap DNA in an orientation that is opposite to that of canonical nucleosomes.The centromere is a region of the chromo-
some that directs assembly of the kine-
tochore, a large proteinaceous complex 
that mediates chromosome attachment 
to microtubules. The equal partitioning 
of chromosomes in mitosis and meiosis 
relies on the faithful propagation of cen-
tromere location during DNA replication. 
Although centromeres are associated 
with specific DNA sequences, these 
sequences are not evolutionarily con-
served. In budding yeast, centromeric 
DNA is characterized by an ?125 base 
pair DNA motif, whereas centromeric DNA 
in fission yeast, plants, and mammals is 
composed of megabases of repetitive 
α satellite DNA. Thus, something other 
than DNA sequence must confer cen-
tromeric behavior. A favored candidate 
has been the replacement of the canoni-22 Cell 138, July 10, 2009 ©2009 Elsevier Inccal histone H3 with the histone variant 
CenH3. The key unanswered question 
is this: how does CenH3 substitution 
modify chromatin structure? According 
to findings presented by Furuyama and 
Henikoff (2009), the presence of CenH3 
may make DNA loop around centromeric 
nucleosomes with a right-handed orien-
tation—the opposite of that observed for 
canonical nucleosomes.
The composition and structure of 
nucleosomes with CenH3 has been the 
subject of much debate. In humans, the 
majority of centromeric nucleosomes 
contain an equal number of copies of 
CenH3, H4, H2A, and H2B, with minor 
fractions containing both CenH3 and H3 
(Foltz et al., 2006). In vitro experiments 
also show that CenH3 can replace H3 to 
form a complex composed of equimolar .amounts of CenH3, H4, H2A, and H2B 
with two copies of each histone being 
required for the apparent molecular 
weight of 200 kDa (Yoda et al., 2000). 
This contrasts with data demonstrat-
ing that centromeric chromatin in the 
fruit fly Drosophila melanogaster forms 
structures, referred to as hemisomes, 
that are composed of single copies of 
CenH3, H4, H2A, and H2B (Dalal et al., 
2007). And yet another variation exists 
in the budding yeast. Their centromeric 
nucleosomes may be hexameric, con-
sisting of two copies of CenH3 (Cse4), 
H4, and Scm3, a nonhistone protein that 
targets Cse4 to centromeres (Cama-
hort et al., 2007; Mizuguchi et al., 2007). 
Scm3 also assembles CenH3 into cen-
tromeres in fission yeast, but is not likely 
to be incorporated into centromeric 
nucleosomes, which are similarly defi-
cient in H2A/H2B dimers (Williams et 
al., 2009). To date, it is entirely unclear 
whether these observed differences 
reflect species variation or various struc-
tural states of centromeric nucleosomes. 
It is also unknown whether a common 
centromeric nucleosome structure is 
essential for the conserved function of 
kinetochore assembly.
In this issue, Furuyama and Henikoff 
report that positive DNA supercoiling 
is a structural feature of centromeric 
nucleosomes in Drosophila. Given that 
nucleosomal DNA has only been thought 
of as negatively supercoiled, the poten-
tial significance of this finding is clear. 
Although prior work has shown that a (H3/
H4)2 tetramer can switch the handedness 
of the DNA supercoil from negative to 
positive in the absence of H2A/H2B dimer 
(Alilat et al., 1999), such a transition has 
never been observed in a canonical octa-
meric nucleosome (Luger et al., 1997).
Using plasmid supercoiling assays with 
Drosophila histone proteins assembled in 
vitro, Furuyama and Henikoff now dem-
onstrate that CenH3 nucleosomes induce 
positive supercoils. Through elegant 
in vivo experiments, the authors then 
show conclusively that a functional bud-
ding yeast centromere introduced into a 
minichromosome exhibits positive rather 
than negative supercoils. This observation 
can only be a result of the right-handed 
wrapping of DNA around a CenH3-con-
taining histone complex. On the basis of 
previous data, the authors argue that the 
nonoctameric CenH3 nucleosomes of 
Drosophila (Dalal et al., 2007) and budding 
yeast (Camahort et al., 2007; Mizuguchi et 
al., 2007) allow a right-handed DNA con-
figuration and positive supercoil. Arguably, 
it is difficult to envision how a functional 
histone octamer with a positive helical 
ramp could be constructed, as this would 
require major rearrangements of histone-
histone and histone-DNA interactions. 
Similarly, a hemisome or tetrasome with 
a right-handed DNA configuration would 
require an alteration of histone-histone 
contacts, such as those involved in the 
four-helix bundle formed by either H2B-H4 
or CenH3-CenH3 (Figure 1).
This interpretation is certainly attrac-
tive and would go a long way in explain-
ing the special features of centromeric 
nucleosomes. For example, the presence of hemisomes with a positive supercoil 
would present unique surfaces, permitting 
interaction with kinetochore proteins. These 
hemisomes are postulated by the authors 
to consist of either CenH3/H4-H2A/H2B 
or CenH3/H4-Scm31-2. The presence of 
such unconventional nucleosomes would 
also certainly have profound effects on 
local chromatin compaction.
However, there are many questions that 
need to be resolved before this model can 
enter the textbooks. Most importantly, 
the protein composition of the positively 
supercoiled chromatin must be estab-
lished both in vitro and in vivo. The sim-
plest explanation for the observed data 
is that CenH3, either alone or with other 
factors (Williams et al., 2009), somehow 
disfavors H2A/H2B dimer binding, allow-
ing a (CenH3/H4)2 tetramer to flip the 
handedness of the DNA binding ramp. 
It should be pointed out that flipping the 
handedness of the DNA super-helix from 
right- to left-handed necessarily involves 
the formation of new histone-histone 
contacts, no matter which histone com-
plexes are involved (Figure 1). This is true 
whether centromeric histones consist of 
a histone octamer [H2A/H2B-(CenH3/
H4)2-H2A/H2B], a hemisome (H2A/H2B-
CenH3/H4), or a tetrasome (CenH3/H4)2. 
There is much evidence that CenH3 can 
form tetramers and octamers in vitro 
(Black et al., 2004; Yoda et al., 2000; Dalal 
et al., 2007; Mizuguchi et al., 2007), and 
it will be interesting to see how formation 
of the (CenH3/H4)2 tetramer is disfavored 
to form the hemisome. Future studies will 
demonstrate whether right-handed cen-
tromeric nucleosomes are found in other 
species, and should elucidate the effect 
of positive supercoiling on chromatin 
compaction, histone modification, and 
binding of core kinetochore proteins.
figure 1. Hemisomes and Tetrasomes May exhibit similar Architectures
The hypothetical structures shown in A and B were obtained by removing the corresponding histone 
subunits and associated DNA from the well-known X-ray crystal structure of the nucleosome (pdb 1aoi). 
(A) The hemisome (Dalal et al. 2007) is composed of single copy of histone proteins CenH3 (blue), H4 
(green), H2A (yellow), and H2B (red). If the interactions between CenH3-H4 and H2A/H2B dimers are as 
in canonical nucleosomes, the DNA organized by the hemisome DNA will have left-handed configuration. 
The right-handed DNA configuration requires a conformational change in the H2B-H4 four-helix bundle 
interface (indicated by a black line), which may include rotation of H2A/H2B against CenH3/H4 along the 
indicated plane.
(B) The tetrasome is composed of one (H3/H4)2 tetramer and exhibits a very similar structure as the 
putative hemisome. Switching between left-handed and right-handed configuration, presumably through 
rotations in the four-helix bundle region as indicated, has been demonstrated previously. In centromeric 
Cse4 nucleosomes from budding yeast, the nonhistone protein Scm3 may associate with the tetrasome, 
thereby promoting conformational changes within the H3-H3 four-helix bundle to obtain a right-handed 
configuration.Cell 138, July 10, 2009 ©2009 Elsevier Inc. 23
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